Abstract Electrical impedance myography (EIM) refers to the specific application of electrical bioimpedance techniques for the assessment of neuromuscular disorders. In EIM, a weak, high-frequency electrical current is applied to a muscle or muscle group of interest and the resulting voltages measured. Among its advantages, the technique can be used noninvasively across a variety of disorders and requires limited subject cooperation and evaluator training to obtain accurate and repeatable data. Studies in both animals and human subjects support its potential utility as a primary diagnostic tool, as well as a biomarker for clinical trial or individual patient use. This review begins by providing an overview of the current state and technological advances in electrical impedance myography and its specific application to the study of muscle. We then provide a summary of the clinical and preclinical applications of EIM for neuromuscular conditions, and conclude with an evaluation of ongoing research efforts and future developments.
Introduction
The concept of using localized surface electrical impedance measurements as a method for the evaluation of neuromuscular disease was introduced in 2002 [1] . The term Belectrical impedance myography^(EIM) was then suggested the following year to help establish the method as an independent, impedance-based approach for the assessment of conditions affecting muscle and nerve [2] . Since then, EIM has been applied to a variety of clinical conditions ranging from disuse atrophy [3] to amyotrophic lateral sclerosis (ALS) [4] , both as a primary diagnostic technique and as a biomarker to assess disease progression and response to therapy. Recent technological innovations have also led to new devices for rapid data acquisition in the clinic and laboratory [5] . In a quest to help develop a detailed understanding of the data and to facilitate improvements in the technique, applications to a variety of animal models of disease have also been pursued [6] [7] [8] [9] , as well as computer-based modeling [10] .
In this review, we provide a brief overview of the history of impedance techniques in medicine, the underlying theory associated with the measurement and analysis of impedance, a review of its clinical and preclinical uses in neuromuscular disease, and, finally, a discussion of ongoing developments and planned innovations. While we try to make clear that EIM remains in a state of refinement, we hope that the reader will come away with a deeper appreciation for the technique's strengths, limitations, and future potential.
History of Muscle Electrical Impedance and Current State of the Art
Whereas throughout the twentieth century most of the medical and physiological communities were mainly interested in the inherent electrical potentials produced by muscle and nerve, by the 1960s other investigators began to evaluate for the first time the impedance properties of muscle. For example, the static impedance properties of muscle were evaluated in single muscle fibers [11] , including their spatial dependence [12, 13] , as well as broader studies on excised muscle [14] [15] [16] . In parallel with these initial muscle-specific studies, the use of electrical impedance found other noninvasive medical uses, perhaps the most well known being electrical impedance cardiography [17, 18] , which measures blood impedance changes to determine cardiodynamic parameters, and bioelectrical impedance analysis [19, 20] for estimating body composition. By the early 2000s, impedance innovations were being applied to other body regions, including skin [21] and breast [22] , as well as approaches for imaging with impedance termed electrical impedance tomography [23] . In 2002, impedance methods were applied for the first time for the evaluation of neuromuscular disease [1] .
Electrical Impedance Myography Basic Measurement Principles
EIM is usually performed using 4 electrodes to minimize electrode polarization, thus maintaining signal quality [24, 25] . Figure 1 shows an example of 4 electrodes placed on the skin. The outer electrodes apply and measure an alternating sine-wave current stimulus in the kHz to MHz frequency range. As a result of the current applied, the tissues generate a response in the form of an alternating voltage signal that is sensed by the inner electrodes. The ratio and normalization of the voltage and current amplitudes and phase delays provides a simple approach to measuring the impedance magnitude |Z| and phase angle θ at any particular frequency. Below, we provide an overview of the current state of art and technological opportunities that can be brought into EIM.
Electrode Materials
There are a variety of electrode materials available for recording bioelectrical potentials in other applications, such as nerve conduction studies and electromyography, that can be used for EIM [26] [27] [28] . The most common is the silver/silver chloride electrode, which is available in both reusable and nonreusable forms. Dry electrodes (e.g,. metal-plate electrodes) are another alternative [29, 30] , which offer the advantage of not causing inadvertent contact between adjacent electrodes secondary to gel escaping from beneath the electrodes. Further, the low cost and short distances achievable between metal electrodes using standard printed circuit technology makes them an attractive solution when measuring small muscles, for example in animal models. Another material to be used in EIM are textile dry electrodes, which can be integrated into garments incorporating wearable electronics and could be used for long-term EIM monitoring during daily activities; however, these may suffer from inferior skin-electrode impedance, noise interference, and motion artifacts [31] . Recent advances in micro-and nanotechnologies offer new electrode alternatives, for example using microneedle electrode arrays [32] .
Electrode Positioning
The first EIM experiments had placed the current electrodes on the dorsum of both hands for measuring biceps and on the dorsum of both feet for measuring tibialis anterior and quadriceps [33] . This electrode configuration had the advantage of large spatial resolution and a reduction in the contribution of subcutaneous fat to the acquired impedance values; however, it had the disadvantages of being inconvenient to apply, being less muscle-specific, and that alterations in joint position could drastically alter the outcomes. The alternative approach, which has since become the standard method, is to perform localized EIM measurements with all 4 electrodes linearly arranged over a muscle of interest. However, the sensitivity of such measurements to detect disease severity and progression depends on the specific electrode arrangement used [34] , and will be affected by surrounding tissues, including skin, subcutaneous fat, and bone [35] .
EIM Measuring Devices
Instruments to measure impedance may be most simply categorized by their functional principles. Early in the last century, the common method used to measure impedance was the Wheatstone bridge circuit [36] [37] [38] . Today, there are more sophisticated measurement concepts available [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . Ultimately, the choice of the right instrumentation will depend on many factors, Fig. 1 Schematic representing the measurement of electrical impedance using 4 surface gel-adhesive electrodes placed over the skin. The flow of electrical current through tissues between the outer electrodes generates a potential that is measured by the inner electrodes including accuracy, ease of use, cost, and measurement range. In all, there will be different sources of error that may affect the impedance and the reproducibility of results, including parasitic capacitances between cables [49] [50] [51] [52] [53] , inconsistent electrode contact [54] , electrode positioning errors [55] [56] [57] [58] , or a combination of factors [59] .
Electrical Impedance Myography Data Representation
The impedance, Z, measures the obstruction to the flow of electric current through tissues and is defined by 2 components, with the standard notation
where R and X are the resistance and reactance parts of the impedance distinguished by the unit j to avoid confusion with the sum/addition operation between values.
When the reactance is represented against the resistance (Fig. 2) , the length of the impedance vector is the magnitude of the impedance |Z| connecting the ending point (R, X) to the origin of coordinates. The impedance phase angle θ then describes the angle formed by the impedance vector. The relationship between the magnitude and phase value of the impedance and its resistance and reactance parts is
or, equivalently,
As the frequency is varied, the impedance defines characteristic plots that are related to the underlying structure and properties of muscle. Sweeping through a frequency range of interest allows one to obtain a complete impedance characterization of the muscle being tested. In muscle measured between the kHz and MHz range, the reactive component of cells is caused mainly by the myofiber membrane, which behaves as an electrical insulator Also, owing to the dispersive nature of biological samples, the representation of multifrequency impedance data describes a depressed semicircular arc, the nature of which is further discussed below.
EIM Data Modeling and Analysis
To establish a relationship between EIM and myofiber morphology and physiology, the use of theory and simulations are required to obtain a biophysical model or, equivalently, an electrical circuit model able to explain EIM data. Based on experimental observations, the impedance frequency dependence can be modeled empirically [60, 61] , using the model proposed by Cole [62] . The Cole model summarizes the frequency dependence of EIM into 4 parameters that have a direct interpretation in terms of the geometrical and electrical properties of skeletal muscle fibers (Fig. 3) . The highest resistance value in the x-axis of the Cole plot R 0 is the resistance at zero frequency (i.e., as if it were possible to measure with a constant current of 0 Hz); this resistance is associated with extracellular compartment, R e . The lowest resistance value in the x-axis of the Cole plot is the resistance at infinity frequency R ∞ (i.e., as if it were possible to measure with an alternating current of infinite frequency), a result of the parallel combination between the resistances of the intracellular and extracellular compartments:
How depressed the center of the arc is with respect to the xaxis is described by the α parameter, a factor that accounts for the variation in cell size. The range of values of α is from 0 to 1, the latter indicating perfectly homogenously sized, spherical cells. The apex of the impedance arc (i.e., maximum of reactance) corresponds to the characteristic frequency, f c , at which the current is evenly divided between the intracellular and extracellular compartments [63] .
Another aspect of muscle impedance characteristics is its anisotropy, or directional dependence: current flows more easily along muscle fibers than across them. Thus, in vivo impedance measurements of skeletal muscle can be used to estimate an empirical anisotropic ratio of skeletal muscle dielectric properties (i.e., those material properties describing the tissue's chargeability) in longitudinal and transverse directions relative to the major muscle fiber direction [15, 64, 65] . Measurement of surface anisotropy is also possible, although limb size and subcutaneous fat will substantially affect the anisotropic values obtained [66] . Fig. 2 Representation of a temporally-stable impedance Z in Cartesian and polar coordinates. The resistance R and reactance X and, equivalently, the magnitude |Z| and phase θ, are the components that describe the impedance uniquely in both coordinate systems
Disease-Specific Applications
EIM has been applied to a variety of neuromuscular conditions. As the purpose of this review is to focus on applications of impedance in the assessment of neuromuscular disease, we will not offer specific detailed comparisons as to the advantages and disadvantages of the technology versus other widely accepted approaches of muscle assessment. An important consideration, however, is that the major value of EIM has been in the evaluation of disease severity, progression over time, and response to therapy, and not in assisting in establishing an initial diagnosis. While such diagnostic categorization may be feasible using EIM [67, 68] , the main focus of this review will be in showing its potential uses in specific disorders as a means of assessing disease severity, progression, and response to therapy.
One of the ongoing challenges with EIM is the identification of which of the multitude of potential parameters is most effective in which condition. While much of the initial work focused on the 50 kHz phase values [1, 3, 69, 70] , over the last several years other parameters have been used, including single-frequency reactance and resistance values [71] , as well as multifrequency measures [72] [73] [74] [75] [76] . Assessing the muscle's anisotropic properties also may be of value [67, 77] . Most recently some of the Cole parameters described above have also been evaluated [78] . As different neuromuscular disorders are associated with different muscle pathologies, it should be anticipated that different EIM parameters may be more useful in some conditions than in others. Moreover, depending on the mechanism of a specific disease, the EIM parameters that are most sensitive to the drug effect could also differ. Thus, which specific EIM parameter is most effective in a given condition remains an open question that will likely only be resolved with additional study and experience. Nevertheless, in this review, we also provide information on that aspect of EIM application.
Neurogenic Disorders
Given the marked muscle fiber and global muscle atrophy produced by primary neurogenic disorders, it is perhaps not surprising that impedance methods are sensitive to the changes induced by motor neuron loss or injury. Both progressive diseases and nerve trauma have been studied.
Amyotrophic Lateral Sclerosis
The use of EIM for tracking ALS progression was first reported in 2002 [1] , when progressive reduction in 50 kHz EIM phase values were observed in the quadriceps of a man diagnosed with ALS who had clinical weakness only affecting the upper extremities. Two subsequent studies confirmed the sensitivity of the technique and the 50 kHz phase to disease progression in patients with ALS [4, 79] . The second of these, a multicenter study, showed that EIM had the potential for reducing the size of a clinical trial by more than 50 % compared with standard clinical outcomes [4] . A major strength of EIM for the evaluation of ALS progression is its ability to be used flexibly in the body region undergoing deterioration at the time of study. Thus, multiple limbs can be easily assessed, but only those that are deteriorating most rapidly at the time of the study can be utilized in the analysis. Such an approach may offer the possibility of substantially reducing sample size in clinical trials as the data can be enriched with the most symptomatic body region [4] .
Another possible strength of EIM is its potential value in assessing bulbar dysfunction. This is especially important as there are few easily quantifiable assessment tools available. Recent studies have shown EIM's ability to discriminate ALSaffected tongue from healthy tongue using a simple 4-electrode array constructed on a tongue depressor or similar base [80, 81] , using both single and multifrequency phase data. Further, a computer modeling study has shown that changes in impedance with tongue atrophy likely reflect tongue properties and are not simply an effect of decreasing tongue volume with disease progression [82] .
In addition to these direct clinical applications, EIM has been studied in ALS SOD1 G93A mouse and rat models [74, 83] . These animal investigations have confirmed EIM's ability to track disease progression, as well as its strong relationship to standard electrophysiologic and functional measures of disease status, including the compound motor unit action potential (CMAP) amplitude, the motor unit number estimate (MUNE) [84] , and force [78] . The phase at 50 kHz, as well as a variety of multifrequency impedance parameters, have been shown to be useful in this regard [74] . Ultimately, changes in the inherent dielectric properties of muscle are at least partially responsible for such impedance changes, including increased conductivity across, but not along, the myofibers compared with wild-type animals [68] .
Spinal Muscular Atrophy
Studies have identified that EIM values, including single and multifrequency phase, resistance, and reactance values correlate to disease severity in milder forms of spinal muscular atrophy (SMA) (types 2 and 3) [75] . It also shows a difference longitudinally over time compared with healthy children in whom the latter demonstrate a gradual increase in values (e.g., increasing phase values at 50 kHz in specific muscles), likely due to myofiber growth and maturation [76] . A recent multicenter study has shown that it is possible to distinguish infants with type 1 SMA from healthy children [85] , and to detect EIM differences over time between these two groups of very young children. Parallel animal work has shown that EIM 50 kHz phase values can capture the effect of early treatment with antisense oligonucleotides in the SMAΔ7 mouse model [86] , comparable with CMAP and MUNE [9] . Given the remarkable progress made in the broader field of SMA therapeutics, EIM may find value in monitoring and testing a variety of new therapies as they become available in children and adults.
Nerve Injury and Radiculopathy
Given the technique's sensitivity to disease progression in ALS, EIM might be anticipated to be sensitive to other disorders characterized primarily by axonal loss. Indeed, the EIM technique has proven useful in the diagnosis of radiculopathy, with specificity and sensitivity similar to that of needle electromyography (EMG) [87, 88] . Unlike needle EMG, however, there is no dichotomous outcome (e.g., presence vs absence of fibrillation potentials). For this reason and also because there is a fairly wide range of normal values, in order to employ EIM for this purpose, it is necessary to compare measures on the affected side to those on the unaffected side [88] . For example, relative reductions in EIM 50 kHz phase values in biceps and deltoid on the affected side compared with the unaffected side would be considered consistent with a C5 radiculopathy. This approach is similar to the way in which CMAP or sensory nerve action potential amplitudes are compared side by side when performing nerve-conduction studies.
Studies in rat models of sciatic injury have provided analogous findings to those of CMAP and MUNE [84] , with marked reductions in 50 kHz phase values shortly after injury that gradually return to baseline values over time. Unlike CMAP and MUNE, however, which can both decrease to a value of zero (i.e., the complete absence of a response), EIM values show less dramatic alteration as the impedance of all living and nonliving tissues is greater than zero.
Other Neurogenic Disorders
Motor or sensorimotor axonal polyneuropathies, in which there is the muscle atrophy distally would be anticipated to produce substantial impedance alterations in foot and leg muscles. The use of EIM, however, in these conditions has, to our knowledge, not been studied, possibly because the evaluation of such conditions is generally considered a strength of standard electrophysiologic techniques. Nonetheless, it is possible that EIM could be useful as a biomarker for monitoring progression or assessing drug efficacy in slowly progressive polyneuropathies (e.g., Charcot-Marie-Tooth disease). Finally, although not neurogenic disease per se, to our knowledge, disorders of the neuromuscular junction, such as myasthenia gravis and Lambert-Eaton myasthenic syndrome, have also not been studied.
Myopathic Conditions
Unlike neurogenic disorders, myopathic disorders may show relatively limited atrophy, despite causing substantial weakness and disability. A major reason for this is that most chronic myopathies are accompanied by substantial compositional changes in the muscle-including the deposition of fat and connective tissue. In acute or subacute autoimmune conditions, there may also be edema and inflammation [89] . Moreover, myofiber size may vary considerably in all of these [90] . Regardless, these major structural and compositional changes would be expected to affect the dielectric properties of tissue, thus making EIM a very appropriate tool for evaluation of this group of disorders.
Duchenne Muscular Dystrophy
EIM 50 kHz phase has been shown to discriminate effectively healthy boys from boys with Duchenne muscular dystrophy (DMD) under 7 years of age [91] . More importantly, clinical studies have found EIM phase multifrequency parameters are sensitive to disease progression in older (>7 years) and to some extent in younger (<7 years) boys (unpublished results). Given the technique's high reproducibility [5] and the fact that it requires minimal patient cooperation, it may offer a reliable and objective alternative to standard functional measures in DMD trials, such as the 6-min walk test. If that proves to be true, clinical studies could be completed with fewer boys in a shorter period of time than is currently possible. EIM also appears sensitive to the beneficial effect of steroids (unpublished data).
These human data have also been supported in studies in the muscular dystrophy (mdx) mouse, a standard mouse model of DMD. One study showed consistent and significant differences in 50 kHz phase reactance and resistance values between wild-type and mdx mice [8] . In this animal model, EIM values also correlated to muscle fiber size, the amount of connective tissue deposition [8] , and also to T2 signal on magnetic resonance imaging (MRI) [92] . EIM has also shown sensitivity to the impact of myostatin inhibition in both wildtype and mdx mice [93] .
Facioscapulohumeral Muscular Dystrophy
A study in patients with facioscapulohumeral muscular dystrophy revealed reductions in reactance values in specific muscles that correlated to the degree of abnormality on MRI [94] . Given the heterogeneous nature of this disorder, a tool such as EIM that can be applied flexibly at the bedside to quantify status of different muscle groups throughout the body could be especially useful as a biomarker in future therapeutic trials in this condition.
Myotonic Dystrophy
Myotonic dystrophy has been studied in mouse models only. Unpublished data suggest EIM may detect the presence of disease and the effect of therapeutic intervention. Its inclusion in future clinical trials in this condition is also being considered.
Inflammatory Myopathies
Marked reductions in the 50 kHz phase were identified in the quadriceps of individuals with inclusion body myositis, a muscle that is particularly affected in this disease [1] . A major contributor to this reduction in phase was through an increase in muscle resistivity, likely owing to replacement of normal healthy muscle tissue with fat. Another study found reductions in the 50 kHz phase in patients with inflammatory myopathies more broadly (inclusion-body myositis, as well as dermatomyositis and polymyositis) that correlated with clinical status [69] . Much of the work in these conditions was pursued early in the development of EIM technology and thus deserves to be revisited for more complete study and characterization using more advanced systems.
Critical Illness Myopathy
Another potential application of EIM is in the evaluation of patients with critical illness myopathy. Having a tool that can readily assess the development of this condition in patients in intensive care units would be very helpful. However, superimposed disuse effects (described below), without frank critical illness myopathy, may make it challenging to distinguish between the two. Moreover, it is not clear how critical illness myopathy characterized by primary muscle fiber inexcitability would impact the impedance signature. Nevertheless, given the technique's potential ease of application, its use for monitoring muscle status in this group also deserves further study.
Sarcopenia, Disuse, and Cachexia
The application of EIM to this group of disorders extends beyond the standard purview of standard electrodiagnostics, which would be expected to be normal or show only minimal change in recorded CMAPs and motor unit action potentials on needle electromyography [95] . In humans, this condition is mainly characterized by type 2 fiber atrophy [89] . In the case of longer-standing problems, such as sarcopenia, or muscle wasting with aging, there may also be a concomitant increase in connective tissue and to some extent fat in the muscle, thus affecting the composition of the tissue and accompanying impedance values.
Sarcopenia
Reductions in muscle impedance associated with sarcopenia were first detected on a cross-sectional study of 100 people [96] . A quadratic relationship between EIM 50 kHz phase in tibialis anterior and gastrocnemius was identified for both men and women, with a stronger relationship to age in the former. The reduction in these values with age was most pronounced in both sexes for people over 60 years of age. In addition, in that same study, 4 people over 75 years of age without any superimposed neuromuscular condition measured longitudinally demonstrated a decline over time.
A subsequent cross-sectional study found a decrease in the 50 kHz reactance rather than the 50 kHz phase was observed in older individuals. This was more marked in the lower extremities than the upper extremities (the latter not having been studied previously) and once again to a greater extent in men then women [71] . In fact, both this study and the earlier study were consistent with previous work showing that other markers of sarcopenia also showed greater reductions in men than women [97] , and that the lower extremities usually demonstrated more marked alterations than the upper [98] . The differences between the previously identified changes in phase and the changes in reactance have not been explained (although reactance was not evaluated in the earlier study).
Ongoing studies in sarcopenia have shown that, in older individuals, there is a significant relationship between EIM values in the lower extremities and function, including primary force production, as measured by the 1-repetition maximum using a leg press (unpublished data). Possible long-term applications of the EIM technique for this population of individuals may include monitoring exercise to forestall or reverse muscle decline, as well as to assess the effects of pharmacologic interventions. Ongoing animal studies may also help support the construct validity of these relationships by providing a histologic basis for some of these differences in aged muscle.
Disuse Atrophy
Muscle atrophy due to disuse was studied in a group of patients with ankle fractures who underwent measurement of their tibialis anterior muscles shortly after being nonweightbearing for 6 to 8 weeks [3] . Patients then underwent a single repeat measurement after they were fully weightbearing for several weeks. In all patients measured, the 50 kHz phase increased in tibialis anterior, with a mean increase of at 28.3 % (range 8.8-44.2 %), consistent with recovery.
Results from a study in rats undergoing hindlimb suspension were consistent with the findings seen in humans. During the study, the hindlimbs were removed from weightbearing for up to 2 weeks. To do so, the animals were placed in a specially designed cage such that the animals were suspended by their tails and were otherwise free to walk around the cage on the fore limbs, with full access to food and water [73] . After 2 weeks of suspension, multifrequency phase measures dropped by 33 %; after 2 weeks of being released from suspension, the animals had only partially recovered, still being, on average, 19.5 % lower than baseline. Another study evaluating a group of mice that were in microgravity for 12 days aboard the final Space Shuttle mission (STS-135) also showed substantial decrease in the same multifrequency phase measure-reaching values 43 % lower than a group of earth-bound animals [72] .
Whereas studies in cachexia have, to our knowledge, not been investigated, given its similar pathology to disuse and sarcopenia, analogous alterations in muscle impedance measures are anticipated. The increasing interest and study of all of these types of conditions may make EIM a natural tool for their evaluation.
Traumatic Injury of Muscle
Traumatic injury to muscle, outside of related orthopedic trauma and consequent disuse, has been also studied in a group of male elite soccer players, three of whom were measured longitudinally after undergoing some form of injury [99, 100] . The injuries included hematoma due to direct trauma, a partial muscle tear, and a strain of various lower-extremity muscles. In all cases, the impedance values on the injured side decreased with injury and gradually recovered over time as the injury resolved, consistent with inflammation and hematoma formation.
Muscle injury induced by eccentric contractions to quadriceps has been studied in mdx and healthy mice. Significant reductions in phase values were observed over a period of 48 h (unpublished data). In particular, the characteristic frequency f c increased in both wild-type and mdx mice, likely caused by a significant decrease of the surface membrane capacitance. A decrease in resistance caused by the presence of edema was confirmed with an increased T2-signal using MRI. These findings suggest EIM can detect changes caused by the disruption of the sarcolemma and t-tubule system in this animal model. Given the wide variety of types of muscle injury, additional study of this broad pathologic mechanism in animals, as well as in humans, is warranted.
Current and Future Directions
The application of EIM for the evaluation of nerve and muscle disorders involves a variety of challenges. In particular, further theoretical, engineering, and clinical work needs to be completed before EIM can be expected to reach its full potential. Moreover, the specific requirements for its successful implementation in each of these disorders also need to be better defined. Fortunately, in addition to all the work described above that has been completed, there is additional ongoing study and steady progress on a variety fronts that we highlight here.
Clinical Trials
First, there remain a number of efforts focused on the application of EIM to different specific conditions. For example, EIM is being incorporated into a number of ongoing clinical studies in ALS, SMA, DMD, facioscapulohumeral muscular dystrophy, and planned future trials in sarcopenia and potentially other muscular dystrophies. Some of these trials incorporate improved measurement approaches. For example, in one ongoing study in ALS [101] , a smaller EIM probe is being used to evaluate hand muscles-a body region that is markedly affected by the disease but that has, to date, remained mostly unstudied. Another future study may seek to evaluate the effects of therapy in young, presymptomatic children with DMD. This study may demand evaluation of other groups of muscles (e.g., gluteal muscles and iliopsoas) not previously assessed with the technology.
Relationship to Pathology
It would be valuable to establish more concrete relationships between EIM measures and muscle pathology. As noted earlier, impedance modeling can be used to reflect structural and compositional changes in muscle. For example, it is known the characteristic frequency depends on myofiber diameter. Thus, it may be possible to use it to infer an approximation of mean myofiber cross-sectional area [8] . In addition, the alpha parameter, α, also discussed earlier, may also provide insights in to the distribution of fibers around that mean. Similarly, evaluating impedance parameters at higher frequencies may provide insights into intracellular condition. For example, one study identified differences in high-frequency impedance parameters in type 1-predominant and type 2-predominant muscle in the rat, consistent with larger and increased number of mitochondria in type 1 fibers [102] . Thus, this work has the potential of providing novel measures of muscle status with specific pathologic implications otherwise only obtainable via muscle biopsy. Current animal research efforts are focused on evaluating EIM's relationship to cell size, mitochondrial characteristics, the degree of fibrosis and fatty infiltration in a muscle, the presence of glycogen storage abnormalities, and myofiber disorganization.
Computer Modeling
Further engineering work is necessary to identify the most effective electrode configurations to reduce the impact of subcutaneous fat, as well as ensuring effective depth of current penetration into muscle and capturing muscle's anisotropic qualities. Electrical impedance methods are highly dependent on the electrode size, spacing between electrodes, size of muscle, and thickness of skin and subcutaneous fat. As of today, most of the work has used simple linear electrode arrangements, the design of which has been based mainly on intuition [10] . Robust electrode configurations will be needed to exploit fully the value of EIM in the assessment of muscle condition across the disease and injury spectrum. Such modeling may also be useful for evaluating other technological advances, including micro-and nanoelectrode needle methodologies, discussed earlier [32] .
Impedance During Contraction
The measurement of muscle impedance in real time during contraction actually represented some of the earliest applications of electrical impedance techniques specifically to muscle. For example, in 1912, McClendon [103] reported a 30 % decrease in impedance magnitude during isometric contraction with tetanic stimulation. Twenty years later, another study [104] reported reductions with both twitch and tetanic stimulation. In contrast, Bozler [105] and Bozler and Cole [106] found, in vitro, the impedance actually increased with isometric force in muscle. These opposing results were attributed to the experimental setup and changes in muscle shape occurring during contraction [105] .
Over the last few decades, there have been additional efforts to evaluate impedance change during muscle contraction [1, 70, 107] , and again some contradictions have been found. For example, Shiffman et al. [2] found consistent results with those observed by Bozler [105] in a healthy subject and a patient with polymyositis during voluntary isometric contractions. Others, in contrast, reported a decrease in the biceps brachii impedance after repeated isometric contractions [108] . Impedance has also been reported to decrease with muscle fatigue induced by prolonged nerve and muscle stimulation [109] .
Differing results notwithstanding, the concept of using impedance to measure contractile properties in health and disease is attractive as it could offer new insights into the mechanics of muscle contraction, one area in which standard electrophysiologic techniques are relatively weak. In fact, current standard approaches such as needle EMG or nerve conduction studies only measure up to the point of muscle fiber depolarization, ignoring entirely the contractile process itself. Supporting this application, recent animal studies have shown impedance alterations in muscle contraction are diseasedependent [110] . Further development and application of impedance for the measurement of muscle contraction in real time could serve as a useful research tool with potential long-term clinical value.
Impedance Imaging
Electrical impedance imaging has been successfully applied to lungs [111] , breast [112] , prostate [113] , and brain [114] in the form of electrical impedance tomography. In muscle, Silva [115] and Silva et al. [116] detected impedance changes by imaging the muscle during isometric maximum voluntary contraction and under repetitive contractions. Imaging muscle with impedance could provide unique insights into the spatial distribution of disease to assist in biopsy location (in muscle at rest) or as a novel approach to evaluating the intricacies of muscle contraction in 2 and 3 dimensions in real time.
Telehealth Monitoring
Modern-day electronics, the Internet of Things, and the ubiquitous smartphone, make other potential applications of EIM possible. In particular, the miniaturization of EIM measuring systems into small handheld or implantable devices [117] will open a new clinical trial paradigm in which muscle condition can be tracked at home on a daily basis. Ultimately, frequent measurements by patients or caregivers at home could improve the ability to detect disease progression in ALS and other slowly progressive neuromuscular conditions. The hope is that the ability to detect disease progression more effectively will also make it possible to speed clinical therapeutic testing. Such an approach could also have application in other areas such as self-measurement after injury or during rehabilitation or to assess muscle condition as part of an exercise training program. Major advantages to this kind of approach include both increased convenience for the individual, as well as reduced costs to the society as a whole.
Conclusion
As evidenced by the number of recent or ongoing studies employing EIM, which are focused either on technological development or the procedure's direct application in the clinical arena, it is clear that the technique may have wide value in the assessment of neuromuscular disorders and muscle health more broadly. As the medical community learns the underlying principles of bioimpedance theory and familiarizes itself with the outcomes and specific applications of this technology, we believe that EIM will gradually be adopted into the standard repertoire of neuromuscular assessment tools.
